Effects of zeatin on amino acid and sugar contents of detached radish (Raphanus saivus L) cotyledons were investigated to determine if accumulation of these solutes contributes to cytokinin-enhanced growth. Protein (14, 18, 21) , and certain portions of grass leaves expand faster after treatment with either of these stimuli, as evidenced by leaf unrolling (11, 23) . In light-sensitive lettuce seeds, cytokinins increase the growth rate of cotyledons (5), while red light primarily enhances elongation of radicle cells (20) . Cotyledons from numerous other dicots also grow faster in the presence of exogenous cytokinins (2, 4, 9, 10, 16, 19) , and this phenomenon has been developed as a cytokinin bioassay by Esashi and Leopold (2), Letham (9, 10) , and Narain and Laloraya (16). ing wall plasticity, while red light-enhanced lettuce seed germination seems to arise from an osmotic effect due to more rapid degradation of some macromolecule (15). We are not aware of data indicating that either red light or cytokinins increase wall plasticity, and our studies were to determine whether increased cell expansion (10) of excised radish cotyledons by cytokinins could be due to water uptake resulting from osmotic effects of enhanced solute accumulation. We found that both cytokinins (in the presence of light) and red light increased the reducing sugar contents of the cotyledons, and these increases were highly correlated with cotyledon growth.
tions of reducing sugars than occurred in light controls. Continuous fluorescent light or a few minutes of red light increased both the growth rate and the reducing sugar levels compared to dark controls. A far red treatment following red light overcame the promoting effect of the latter. Amounts of reducing sugars were closely associated with growth under the above conditions. Activity of an unidentified amylase was elevated by continuous light or a red light treatment (nullifiable by far red), suggesting that reducing sugars were derived from starch. Zeatin-treated cotyledons exhibited less amylase activity than did light controls, perhaps implicating cytokinin-stimulated conversion of fats to sugars in light. In darkness zeatin promoted cotyledon growth but did not increase sugar levels nor amylase activity, suggesting that enhanced ion accumulation also contributes to the more rapid water uptake leading to growth.
Cytokinins and red light stimulate growth of various plant tissues. For example, red light and cytokinins both enhance expansion of discs from etiolated dicot leaves (14, 18, 21) , and certain portions of grass leaves expand faster after treatment with either of these stimuli, as evidenced by leaf unrolling (11, 23) . In light-sensitive lettuce seeds, cytokinins increase the growth rate of cotyledons (5) , while red light primarily enhances elongation of radicle cells (20) . Cotyledons from numerous other dicots also grow faster in the presence of exogenous cytokinins (2, 4, 9, 10, 16, 19) , and this phenomenon has been developed as a cytokinin bioassay by Esashi and Leopold (2), Letham (9, 10) , and Narain and Laloraya (16 ing wall plasticity, while red light-enhanced lettuce seed germination seems to arise from an osmotic effect due to more rapid degradation of some macromolecule (15) . We are not aware of data indicating that either red light or cytokinins increase wall plasticity, and our studies were to determine whether increased cell expansion (10) of excised radish cotyledons by cytokinins could be due to water uptake resulting from osmotic effects of enhanced solute accumulation. We found that both cytokinins (in the presence of light) and red light increased the reducing sugar contents of the cotyledons, and these increases were highly correlated with cotyledon growth.
MATRIAILS AND METHODS
Radish seeds (Raphanus sativus L. var. Early Scarlet Globe) were surface sterilized with 10% (v/v) Clorox and, after thoroughly rinsing, were germinated in darkness for 48 hr on wet paper. The smaller cotyledon cut from each selected seedling was used in all studies. Usually five cotyledons (20-35 mg fresh weight) were randomly selected for each sample, blotted gently, weighed as a group, and placed adaxial side down on Whatman No. 1 filter paper covering the bottom of a 5.5-cm Petri dish. The filter paper was previously wetted with 1 ml of 2 mm potassium phosphate buffer (pH 6.4) containing designated additives. The Petri dishes were placed on wet paper towels in glass trays covered with clear plastic film, and cotyledons were incubated at 25 C. The trays were also covered with aluminum foil for incubation in darkness. After incubation, cotyledons were blotted and reweighed.
Immediately after obtaining final weights, cotyledons in each sample to be analyzed for protein and amino acids were placed in 10 ml of hot 80% (v/v) ethanol and boiled until volumes were reduced to about 2 ml. An additional 10 ml of 80% ethanol was then added, and samples were homogenized with a Brinkmann Polytron and centrifuged for 15 min at 17,300g at 4 C. Supernatant volumes were adjusted to 20 ml, and a-amino nitrogen was determined on 1-ml aliquots, as described by Yemm and Cocking (24) , using glutamine as a standard. Residues from centrifugation were prepared for protein analysis by twice dissolving in 0.1 N KOH and precipitating with 10% (w/v) trichloroacetic acid. The final precipitates were dissolved in 0.1 N KOH, and protein analyses were made on aliquots of these solutions using the method of Lowry et al. (12) . BSA was used as a standard.
Cotyledons analyzed for sugars were homogenized in 6 ml of 70% (v/v) ethanol, centrifuged, and aliquots of the soluble fraction were analyzed for reducing sugars, after removal of ethanol, by the method of Marais et al. (13) using D-glucose as a standard. Sucrose was estimated by the increase in reduc-ing sugars after treatment of ethanol-free aliquots with 1.5 units of invertase (Sigma Chemical Co.) for 1 hr at pH 4.6.
To measure extractable amylase activity, generally six cotyledons were placed in 2 ml of ice-cold 10 mm tris-Cl buffer (pH 7), homogenized twice for 30 sec at top speed with the Polytron, and centrifuged at 4 C for 20 min at 23,500g. Supernatants were analyzed for amylase activity at 30 to 31 C by adding 1.5-ml portions to 10 ml of 0.05% (w/v) soluble potato starch dissolved in 20 mm sodium acetate, pH 5.5. At intervals, 2-ml aliquots of enzyme incubation medium were removed and each was added to a tube containing 5 ml of 0.05 N HCl to stop the reaction. Starch remaining in these tubes was subsequently measured by the iodine method of Jones and Varner (7) . With most of our enzyme preparations, it was necessary to measure the absorbance of the starch-iodine complex immediately after the iodine reagent was added; otherwise a slow precipitation of an apparent complex between the starch, iodine reagent, and protein significantly lowered the spectrophotometer readings. Amylase activity was determined as the rate of change in absorbance at 620 nm/i 00 cotyledons. Table I . The lowest zeatin concentration caused a small decrease in protein levels, but there was no correlation between protein degradation to amino acids and growth stimu- (Fig. 1) , which was markedly increased after 23 hr by 9.8 ,uM zeatin. After 111 hr, zeatin-treated cotyledons exhibited a 430% increase in reducing sugars, compared to a 230% increase for control cotyledons. Zeatin-treated cotyledons contained somewhat lower quantities of sucrose than did control cotyledons during much of the time period investigated, but sucrose levels were low in all cotyledons, and no pronounced changes occurred throughout the 11 1-hr incubation period.
Cotyledon enlargement was linearly related to reducing sugar content (Fig. 2) with zeatin-treated as well as control cotyledons, although the former were somewhat larger than control cotyledons with similar quantities of reducing sugars. When zeatin-induced cotyledon growth was inhibited by in-COTYLEDON GROWTH AND REDUCING SUGARS Fig. 2B ). This result has been verified in time course studies over 4-day incubation periods (data not shown). Zeatin in combination with red light does cause an increased sugar content (Fig. 2B) .
Effects of Zeatin on Extractable Amylase Activity. When detached cotyledons were incubated under continuous light of 125 ft-c, amylase activity increased rapidly during the first 24 hr after excision (Fig. 3) . There was little change in amylase activity subsequent to this initial rapid increase. Cotyledons incubated in the presence of 24.9 FM zeatin also exhibited a rapid initial increase in amylase activity, but this activity remained lower than that in control cotyledons in light. Increases in amylase levels were also observed in cotyledons incubated in darkness with or without zeatin, but these increases were smaller than those occurring in light (Fig. 3) . The period of initial increase in amylase levels was longer in dark-incubated cotyledons than in those exposed to light. The effect of zeatin on amylase activity in dark-incubated cotyledons was variable among experiments, but was always small and of questionable physiological significance. These results suggest that enhanced sugar levels in cotyledons exposed to light arise from starch degradation, but they reduce the possibility that zeatin further increases the reducing sugar contents of light-treated cotyledons by effects on amylase activity. Red Cotyledons from 48-hr-old seedlings were treated with 10 min of red light or 10 min of red light followed immediately with 15 min of far red light, and incubated for 24 hr in darkness prior to amylase analyses. Results are means of four samples from two experiments with six cotyledons in each sample. Initial amylase activity was 0.56 4 0.10 -AA620/min-100 cotyledons.
Light Conditions
Amylase Activity Sephadex column could be left at least 24 hr at 4 C without apparent loss of activity, even though considerable precipitation of protein from the crude extract occurred. When effects of pH on starch-degrading activity were studied over the pH range 4 to 7.9, maximal activity was observed at about pH 5.5 with sodium acetate-acetic acid buffer (Fig. 4) . This optimum compares with a maximum at pH 5.3 to 5.9 for pea cotyledon amylase (22) . There was no increase in activity of crude extracts when potassium phosphate was used as buffer instead of sodium acetate, suggesting that little starch phosphorylase was present and that starch-degrading activity was therefore primarily due to an amylase.
Gel filtration of an enzyme extract from cotyledons exposed to 22 hr of fluorescent light of 125 ft-c resulted in a single broad fraction (Fig. 5) . Three analyses gave maximal activity at estimated mol wt of 22,400, 23,500, and 26,600. BSA (mol wt 67,000), human a-globulin (160,000), and sperm whale myoglobin (17,800), all from Schwarz-Mann, were used as protein standards. Contents of all tubes in each of the three analyses were assayed both with and without 2 mm CaCl,; this salt did not affect starch degradation in any fraction.
No attempts to purify and further characterize the enzymes as a or ,B-amylase have been made, but preliminary experiments with crude 23,500g supernatants (after homogenizing cotyledons in 10 mm tris-Cl, pH 7) suggest that the enzymes might be primarily /8 amylases. Chromatography of starch degradation products revealed similar amounts of glucose and maltose but none of the higher mol wt oligosaccharides expected from an a amylase. These reducing sugar products were both obtained at time periods corresponding to degradation of 27% and 81% of the starch in a 0.05% solution at pH 5.5. Also, polarimetric analysis of the products formed, as described by Swain and Dekker (22) , gave results consistent with a predominance of /8 amylase activity. Use of /8 limit dextrin, an a amylase specific substrate (1), gave significant release of soluble blue chromophore indicative of a amylase activity. Lack of a requirement for added Ca does not necessarily indicate that purified enzymes would not require Ca for maximal activity (22) , and therefore does not eliminate the possibility that a amylases were involved.
DISCUSSION
The results show that red light caused an increase in the content of reducing sugars in radish cotyledons. Zeatin further increased the accumulation of these sugars in continuous light or after brief red light treatments, but not in darkness. These increases were well correlated with growth effects. This correlation apparently does not result from an effect of growth on sugar production, since the content of reducing sugars was independent of water uptake; this is evidenced by the inhibitory effects of negative external osmotic potentials on growth, but not on sugar levels (Table II) . Instead, the correlation probably results, at least in part, from the osmotic effects of the sugars. If water uptake was not concomitant with the rise in sugars, our calculations show that the osmotic potentials would decrease as much as 10.5 bars. However, since sugar production is slow compared to water uptake, a nearly constant concentration of sugars should be maintained. Actually, the sugar concentrations are expected to rise slightly to counter dilution of solutes that do not increase, thus maintaining water potentials in the growing cotyledons in near equilibrium with the external water potentials. We emphasize here the osmotic effects of an increased sugar supply upon growth, yet we recognize that influences of sugars on the energy supply and on numerous metabolic reactions may also more indirectly FiG. 5. Elution profile of amylases from a Sephadex G-150 column. Sample was a 5-ml tris-Cl (pH 7) extract of 220 cotyledons that had been exposed to 22 hr of fluorescent light (125 ft-c).
Sucrose was added to a final concentration of 5% (w/v) before sample was added to the 2.7 x 20 cm column. After elution of 22-ml void volumn, 15 fractions of 5 ml each were eluted with 20 mm sodium acetate (pH 5.5) at 4 C. Amylase activity was measured by mixing 0.3 ml from each fraction with 2 ml of 0.05% (w/v) starch buffered at pH 5.5 with 20 mm sodium acetate, then incubating 15 
